The three mammalian Runx transcription factors, some of which are known to be involved in human genetic diseases and cancer, are pivotal players in embryo development and function as key regulators of cell fate determination and organogenesis. Here, we report the expression of Runx1 during the development of hair and other skin appendages in the mouse and describe the effect of Runx1 on the structural hair output. In hair follicles, where the three Runx proteins are expressed, Runx1 expression is most prominent in both mesenchymal and epithelial compartments. The epithelial expression includes the hair keratin forming layers of the hair shaft and the bulge, where interestingly, Runx1 is co-expressed with keratin 15, a putative hair follicle stem cell marker. In the hair mesenchyme, during early stages of hair morphogenesis, Runx1 is expressed in a discrete dermal sub-epithelial layer, while at later stages it is found in a hair cycle dependent pattern in the dermal papilla. To elucidate the function of Runx1 in the hair follicle we have generated a Runx1 epidermal conditional knockout and found that the mutant mice display a remarkable structural deformation of the zigzag hair type. The data delineate Runx1 as a novel specific marker of several hair follicle cell types and sheds light on its role in hair morphogenesis and differentiation.
Introduction
Skin appendages emerge as a result of a series of reciprocal mesenchymal-epidermal interactions (Chuong et al., 2000; Thesleff et al., 1995) . Hair follicle (HF) morphogenesis starts when aggregates of dermal cells send signal to the overlying ectodermal cells to form a placode, which in turn signals the dermal cells to condensate into a dermal compartment (Hardy, 1992; Sengel, 1986) . This compartment is engulfed by the epithelial placode to form the dermal papilla (DP), while other dermal cells serve as a supportive dermal sheath around the follicle. The mature follicles then extend down into the dermis while driving a differentiation program in the matrix -the highly proliferating epidermal cells, which are most proximal to the papilla (Hardy, 1992; Stenn and Paus, 2001 ). The epithelial matrix cells rapidly multiply and their progeny differentiate upward in concentric layers. Those layers can be divided into two regions -the three hair shaft (HS) structural layers: medulla, cortex and cuticle (from the center of the shaft outward), and the three supportive layers of the inner root sheath (IRS): cuticle, Huxley's and Henle's layers . A companion layer (Ito, 1986; Orwin, 1971) separates these layers from the outer root sheath (ORS), which is continuous to the basal layer of the skin epidermis. This layer contains an epithelial thickening called the bulge, which is considered to be the residence for the stem cells of the entire hair follicle epithelial compartment (Cotsarelis et al., 1990; Lavker et al., 2003; Lyle et al., 1999) . HFs undergo a continuous regeneration program -the hair cycle (Dry, 1926; Stenn and Paus, 2001) . At the end of their morphogenesis, the follicles stop proliferation and enter a programmed cell death stage (Cotsarelis, 1997) , the catagen, in which their lower two thirds regress gradually upward towards the epidermis, pulling along the DP to the permanent epithelial base, the bulge (Muller-Rover et al., 2001) . The catagen stage is followed by a short resting stage -the telogen, from which the follicles enter into a new proliferation stage, the second anagen, probably due to DP signaling to the adjacent bulge stem cells, inducing them to proliferate and form a new matrix .
Members of the Runx gene family (Runx1-3 in mammals), which are characterized by a highly conserved DNA binding domain named after the Drosophila pairrule Runt gene, encode for transcriptional regulators and are evolutionary conserved in most of the metazoans (Levanon and Groner, 2004) . These factors play roles in proliferation versus differentiation decisions in various tissues and function as activators or repressors of target genes (Levanon and Groner, 2004; Levanon et al., 1994; Speck and Terryl, 1995; Westendorf and Hiebert, 1999; Yarmus et al., 2006) . Studies of human genetic diseases and analysis of knockout (KO) mice showed that Runx1 is necessary for hematopoiesis from its definitive stage and onward (de Bruijn and Speck, 2004) , and is the most common target of chromosomal abnormalities in leukemias (Nucifora and Rowley, 1995) . Recently, Runx1 was shown to play a key role in development of a nociceptive neurons subpopulation in the DRG, and as a consequence, to regulate pain sensitivity .
In our previous work (Raveh et al., 2005) , we studied the cutaneous role of Runx3, which is considered to be the primordial prototype of this gene family (Levanon and Groner, 2004; Levanon et al., 1994) . We have reported that Runx3 is primarily localized to the DP compartment throughout hair morphogenesis and cycle (Levanon et al., 2001; Raveh et al., 2005) . Analysis of Runx3 KO mice revealed a significant change in hair type composition, as well as in the intrinsic shape of the structural hair, mostly affecting zigzag and auchene hair types. We now show that Runx1 is expressed not only in the epithelial hair compartment but also in the DP, and in a dermal sub-epidermal region in early stages of hair follicle morphogenesis. The specific locations of Runx1 expression within hair and other skin appendages are demonstrated, as is its dynamic expression pattern throughout hair morphogenesis and hair cycle. Using epidermal-targeted Runx1 mice we also show that Runx1 affects hair structure and morphogenesis through its involvement in the differentiation program at the hair shaft.
Results and discussion
To determine Runx1 expression pattern in hair and skin, we have analyzed back skin from Runx1 +/lz mice (North et al., 1999) and followed the expression of the nuclear bgalactosidase reporter gene (b-gal), which simplified double staining and allowed a better resolution compared to the previously published data (Levanon et al., 2001) . At embryonic day (E) 14.5, prior to hair morphogenesis, Runx1 is expressed in dermal cells that underlie the primitive epidermis (Fig. 1, E14 ). At E18.5, Runx1 is highly expressed in dermal cells of the sub-epidermal region and beneath the hair placodes in the dermal condensations, which form the pre-dermal papillae, as well as in the DP of follicles in a more advanced stage (Fig. 1, E18) . Simultaneously, in the epidermal compartment, Runx1 is expressed in the upper matrix of the hair follicle and in differentiating cells of the hair shaft (HS). Interestingly, Runx1 is also expressed in the entire infundibulum, and in a column of cells, protruding through the epidermis to the surface (Fig. 1, E18 and enlargement) .
The pelage of mice contains four different hair types, that form at three chronological waves: the guard (also called primary or tylotrich) hair that starts to form at E14, the awl hair at E17 and the bent hair types, auchene and zigzag, placodes of which are seen close to birth (Dry, 1926; Mann, 1962) . Analysis of Runx1 expression in newborn back skin, which exhibits the three temporal hair follicle morphogenetic waves, shows that Runx1 is expressed both in the dermal and the epidermal compartment in the hair types mentioned above (Fig. 1, NB-A) .
At later stages, dermal expression in the sub-epidermal region is extinguished gradually to almost complete absence at early catagen and beyond in the development of the follicle (compare Fig. 1, E18 with P8, and with Fig. 2 ). In the DP, Runx1 expression is reciprocally correlated with HF development: while at early morphogenesis Runx1 is highly expressed, in the more developed follicles at anagen, expression is reduced and gradually limited to the bottom part of the papilla (Fig. 1, E18-P8 ). As follicles enter catagen, expression in DP is almost absent, but appears to be renewed with advanced anagen, however at much lower levels as compared to the first anagen ( Fig. 2A-E) .
Dynamic, cycle dependent expression changes also occur in the epidermal compartment. At catagen, expression in the distal (upper) part of the hair follicle is totally absent from all HF layers, including the ORS, while the expression in the lower follicle region (approximately from the bulge line downwards) is gradually limited to intense expression in the secondary germ (Cotsarelis, 2006) , a group of cells which are located at the base of the epithelial follicle in late catagen, telogen and early anagen ( Fig. 2A-D) . The epidermal expression is fully renewed with advanced anagen (Fig. 2E) .
The exact location of Runx1 in the hair follicle was determined by co-staining of b-gal, the reporter protein, with a series of specific, well-established HF markers. Runx1 was found to be co-localized with the basal keratin 5 (K5) in the ORS (Fig. 3A) , but not in the basal epidermis as can be seen in Figs. 1 and 2. Cells positive for b-gal, which could be located at both sides of the basement membrane (BM), labeled by antibodies for b4-integrin, confirmed that Runx1 is expressed in the ORS cells, which are interior to the BM, as well as in the dermal sheath (DS) cells that are exterior to it (Fig. 3B ). In the HS, only the cuticle and cortex layers, marked by the hair keratins specific antibody AE13 (Lynch et al., 1986) , were positive for Runx1 expression ( Fig. 3C and D) , but not the medulla layer, recognized by the trichohyalin specific antibody AE15 (O'Guin et al., 1992) (Fig. 3E ). In the three concentric layers of the IRS, also marked by AE15, no significant co-localization was observed (Fig. 3E ). This observation was confirmed by co-labeling with the GATA3 antibody that recognizes the Huxley's and cuticle layers of the IRS (Kaufman et al., 2003) (Fig. 3F ). Only few GATA3 expressing cells were positive for Runx1 expression.
In the upper region of the matrix Runx1 was co-localized with Lef1, A Wnt pathway effector known to be involved in hair shaft differentiation (Merrill et al., 2001) . Of interest, in the matrix, as differentiation progresses from the proximal to distal part, Lef-1 expression decreased, while Runx1 expression increased (Fig. 3G ). Since the matrix also harbors HF melanocytes next to the DP apex, labeling together with Mitf, an early marker of melanocytes (Tachibana, 2000) was conducted. As co-localization was not observed (Fig. 3H) , we conclude that, unlike Runx3 (Raveh et al., 2005) , Runx1 is not expressed in melanocytes.
A recent study in human hair follicles showed that Runx1 is expressed in the epithelial hair follicle -in the matrix as well as in the HS, ORS and the IRS (Soma et al., 2006) . Our report reveals that this factor is active in the epithelial as well as in the dermal compartment of the mouse hair follicle. Previously, using immunohistochemical Fig. 1 . Expression of Runx1 during hair follicle morphogenesis: at embryonic day 14.5 (E14), Runx1 is expressed in dermis (der), with the strongest expression in cells directly underlying the primitive epidermis (epi). At E18.5, when more hair follicles have been initiated, Runx1 is highly expressed in dermal condensates, in the primordial DP (Arrowhead, E18) as well as in DP of more developed follicles (dp), in the upper matrix of the epithelial follicle (mx) and in the entire infundibulum (i, E18, enlargement). Note the column of cells, which protrude through the epidermis from the infundibulum. At birth [NB-A, short (3 h) X-gal incubation time], the three distinct waves of hair growth (I, first; II, second; III, third) are clearly seen. Note the reduction in X-gal intensity in the DP with follicle development. Comparison of E18, NB-B, P3 and P8 [all at standard (over night) X-gal incubation time] show reduction in Runx1 expression both in the sub-epidermal region (white arrows) as well as in the DP (black arrows), in which expression is gradually limited to bottom part of the papilla (P8). Scale bars = 50 lm. methods and looking at whiskers, we have detected only the epidermal expression of Runx1 (Levanon et al., 2001) . In this study we have used the much more sensitive method of lacZ detection in Runx1 +/lz mice, which allowed us to discover the dermal staining. We have already reported that Runx3 and Runx2 are expressed in the DP (Raveh et al., 2005) , but unlike its paralogs, we now show that Runx1 is dynamically expressed in the papilla, being up regulated during anagen phase, which may suggest a role for Runx1 in the control of this phase of hair growth. Our observation places DP cells as one of very few cell types (reviewed in Levanon and Groner, 2004) , which express at a certain developmental stage the whole inventory of Runx genes. Such co-localization has been reported to occur in early mesenchymal condensates giving rise to craniofacial tissues (Yamashiro et al., 2002) .
Keratin15 (K15) is a well-explored marker of most if not all of the epithelial HF stem cells (SC) (Liu et al., 2003; Lyle et al., 1998; Turksen, 2004) , which reside at a special niche at the bulge in anagen and also in the secondary germ cells in late catagen and in telogen (Liu et al., 2003) . We have detected Runx1 co-expression with K15 in the hair bulge cells of HF in skin from 36-d-old mice in their second anagen (Fig. 3J) , as well as in a subpopulation of secondary germ cells (Ito et al., 2004 ) of the telogen stage (Fig. 3I) . It is important to state that Runx1 staining overlapped with that of K15 but extended further to the ORS and sebaceous gland (SG) in anagen hair and into the extending second germ of the early anagen. Thus, Runx1, we speculate, can play a role in stem cells regulation and possibly help coordinate their transitions between hair cycle stages, which is in accordance with the ''stemness'' attributes suggested for Runx genes. These qualities are especially important as they are relevant to the notion that Runx genes can function as dominant oncogenes at times and as tumor suppressors under certain circumstances (Blyth et al., 2005; Cameron et al., 2003) .
Since we have previously found that Runx3 is expressed in skin appendages other than the HF, we have wondered whether Runx1 is expressed in the nail and in the eccrine sweat glands (SWG) of the toe. In the nail, Runx1 was found to be highly expressed at the matrix (Fig. 4A) , which , 36 d) . b, bulge; sg, sebaceous gland; ors, outer root sheath; dp, dermal papilla. Scale bars = 50 lm, except for E = 100 lm.
functionally corresponds to the HF matrix in which cells initiate differentiation towards expression of hard keratins. This expression pattern is complimentary to the mesenchymal expression of Runx3 in nail (Raveh et al., 2005) . Runx1 expression in the distal part of the hair matrix and in their daughter hair cuticle and cortex cells, as well as the localization of Runx1 to the nail matrix, may implicate this gene as a regulator of the keratinization program of terminal differentiation, occurring in both appendages. Recent finding of Runx1-mediated up-regulation of keratin-associated protein 5 (KAP5) transcription in vitro (Soma et al., 2006) gives credence to this notion.
The sweat glands were intensely stained both at their distal loops of the secretory portion and in the outflow duct (Fig. 4B) , in contrast to Runx3, which was mostly expressed in the proximal duct (Raveh et al., 2005) . Further examination of the proximal SWG duct showed that Runx1 was expressed in the basal layer of the duct (Fig. 4C) , again in contrast to Runx3 which was expressed in the innermost (luminal) cells (Raveh et al., 2005) . In addition, Runx1 was expressed in a cell protrusion to the surface, corresponding to the cell column emerging into the epidermis from the HF, which we described earlier (Fig. 4B ). These cells appeared already at birth (not shown) at the early stages of SWG morphogenesis.
An interesting phenomenon was observed in the ventral part of the toe, in which sub-epithelial, b-gal positive dermal cells seemed to converge around the tips of epithelial involutions in the distal part of the ventral toe (Fig. 4D) . Those involutions give rise to the well-keratinized toe pads. This phenomenon was observed in a very short time frame -starting from birth to P3, but disappeared thereafter and may be related to a general invagination mechanism forming both HFs and ventral toe pads, in which dermal Runx1 is involved.
The Runx1 gene resides on the human chromosome 21 (Levanon et al., 1994) . Interestingly, in Down syndrome, in which there is increased gene dosage of Runx1 due to trisomy 21, palmoplantar hyperkeratosis, thickening of skin at the ends of palms and soles of the feet has been reported as a common symptom (Ercis et al., 1996; Schepis et al., 2002) . Thus, we suggest that Runx1 involvement in this disease should be explored. Another common symptom of Down syndrome is syringoma, a benign tumor of SWG origin (Schepis et al., 2002) . Since Runx1 is extensively expressed in SWG (Fig. 4B) , and considering its high tumorogenic potential (Blyth et al., 2005) its possible role in syringomas development should also be investigated.
Unlike Runx3 null mice that reach adult life and even produce progeny and Runx2 KO mice that die at birth (Otto et al., 1997) , Runx1 null mice die in utero at E12.5 (Wang et al., 1996) , coinciding with whisker morphogenesis and well before pelage hair formation. This occurrence impedes the analysis of Runx1 function in hair and skin development. We therefore used a conditional knockout of Runx1 in the epidermis to address function of Runx1 in the epidermal compartment of the skin. Mice homozygous to a floxed allele of the Runx1 locus (Growney et al., 2005) or, alternatively, heterozygous Runx1 F/lz mice carrying one floxed allele and one null allele (North et al., 1999) , were crossed with a K5Cre mouse strain (Ramirez et al., 2004 ) that directs Cre expression to the germinative layer of the epidermis, which populates the epithelial compartment of the follicle. Runx1 F/F ;K5Cre mice (referred to as Runx1 À/À ) and Runx1 F/F control mice were identified by genotyping and analyzed at P4 and onward, as detailed in Section 3. The analysis included an overall external examination of hair pelage, toes and nails, followed by comparative histology and hair follicle markers labeling using immunofluorescence. Surprisingly, when analyzing these mice for histological effects and for pattern of hair markers, overt histological differences were neither observed in the hair follicles nor in other appendages discussed above, though, externally, the adult fur (200 days old) of Runx1 À/À mice looked less dense and ruffled compared to the control (Fig. 5A ). This apparent phenotype stimulated us to characterize the hair profile of those mice.
Comparison of Runx1 F/F hair types with those of the conditional KO (Runx1 F/lz ;K5Cre or Runx1 F/F ;K5Cre) revealed that most (about 90%) of the zigzag (ZZ) type hair of the Runx1 À/À displayed much less pronounced bends, were less flexible and more fragile. Moreover, ZZ-like hair forms exhibited a variable number of bends compared to the three bends of the control, and many of those presented no real ZZ form that exhibits an alternating bending direction but rather two bends in the same direction (Fig 5B) . In addition, the majority of the auchene hair type was also altered in its shape (Fig. 5B) . Strikingly, both Runx3 and Runx1, which are expressed in all hair types (Raveh et al., 2005) , were found to predominantly affect the bent ZZ hair type. As we have previously suggested, the differential effect may be due to alternative splicing of Runx transcripts (Levanon and Groner, 2004) , resulting in differential activity in the hair types, or due to different partners/effectors of Runx3/Runx1 in the different hair types. Possible effectors in mediating bends formation are the insulin growth factor-I (IGF-I) and its negative regulator the IGF binding protein-5 (Igfbp5) (Schlake, 2005; Weger and Schlake, 2005) . Igfbp5 is expressed in the DP, as well as in the matrix and the medulla HS layer in what is suggested to be a cyclic expression pattern (Schlake, 2005) . Igfbp5 was recently reported as an apparent ZZ hair specific determinant, and its ectopic expression in the medulla and IRS layers of the HS results in thinning of hair shafts and formation of aberrant curvatures (Schlake, 2005) . This Igfbp5 mediated bending mechanism was shown to be negatively regulated by IGF-I signaling (Schlake, 2005) . Indeed, IGF ectopic expression in IRS and medulla resulted in the lack of curved hairs giving rise to only two hair types -guard and awl-like (Weger and Schlake, 2005) . The hair phenotype of the IGF-I transgenic mouse resembles the phenotype exhibited by our conditional KO. In both mouse models non-guard hair types were affected, in particular the zigzag hair, albeit in the IGF transgenic mice suppression of hair shaft bending was evident and extensive while in our conditional KO a relatively mild suppression of hair bending was observed. To date, Runx2 expression was shown to be enhanced by IGF-I in endothelium (Sun et al., 2001) , while IGF-I relations (IGF-I activation/repression by Runx family members or vice versa) with the two other Runx paralogs were not reported. It is also possible that Runx1 may modulate the expression of Igfbp5 and thus exert its effect on hair bending. Interestingly, like Runx1, Igfbp5 is expressed in the stem cells of the bulge (Morris et al., 2004; Tumbar et al., 2004) . We plan to address the possible mutual relations between Runx1 and the IGF-I signaling in the future, in light of the similar phenotypes, and as both Runx1 and Igfbp-5 are expressed dynamically at both compartments.
The floxed allele is targeted to exon 4 which is a part of the runt domain (Growney et al., 2005) , thus interrupting DNA-binding (Nucifora et al., 1994) , while the lz allele is targeted to exons 7-8 (North et al., 1999) and interrupting the nuclear matrix targeting sequence (NMTS) of Runx1 (Zeng et al., 1997) . The similar effects seen in the Runx1 F/lz mice indicate that the NMTS is necessary for the appropriate function of Runx1 in the epidermal hair as is the case of hematopoiesis (reviewed in Zaidi et al., 2004) .
As discussed above, during morphogenesis of the hair follicles, Runx1 is also expressed in a sub-epidermal cell layer. Since the function of dermal Runx1 was not determined in this current study, we may only assume that it may be involved in mesenchymal-epidermal signaling leading to follicle formation. We still do not know if the cells in this stage will be incorporated into the DP and DS compartments of the HF that are being initiated or if it represents transient expression in dermal cells. This temporal expression, together with our observations in the ventral toe pad, which may relate Runx1 with an involution process, could suggest a role for Runx1 in directing epidermal involution into the dermis, although this is highly speculative currently and should await conditional ablation of Runx1 in mesenchymal cells.
In conclusion, we have shown that of the three Runx proteins Runx1 is the most prominently expressed in skin, exhibiting a dynamic expression pattern in both epidermal and dermal skin compartments. Of particular interest is the expression of Runx1 in the hair follicle bulge, which is the stem cell niche of this miniature organ. We have also shown that disruption of the gene in the epidermis influences the hair shaft structure of the bent hair types, although the presumptive target genes affected in this process remain unknown. Further work is necessary in order to elucidate the dermal Runx1 function, both in the sub-epidermal layer during hair morphogenesis and in the DP, as well as to understand the possible correlation between epidermal and dermal Runx1 function.
Experimental procedures

Mouse strains and genotyping
Runx1
+/lz mice were generated as described (North et al., 1999) . LacZ positive mice were recognized by X-gal staining of tail sections. Runx1 F/+ ;K5Cre mice were obtained by mating hemizygous K5Cre male mice (Ramirez et al., 2004) with Runx1 F/F female mice ;K5Cre mice. Genotyping of the floxed allele, Runx1 wt allele, successfully excised floxed allele and the K5Cre transgene, as well as of the LacZ containing allele were conducted as referenced above. In addition, anti-Cre immunofluorescence staining was conducted to confirm Cre recombinase location in the basal skin layer and in ORS of follicles as described below.
Immunological procedures
For immuno-staining, 8 lm cryostat sections were fixed in paraformaldehyde (4% in PBS, 10 min), treated with 1.5% hydrogen peroxide for blocking endogenous peroxidase activity where needed, and incubated for 30 min with blocking solution containing 0.05% Triton X-100, 2.5% NGS, 1% BSA and 0.25% glycine in PBS prior to incubation with primary antibodies overnight for immunohistochemisrty (IHC) or 1 h for immunofluorescence (IF). When staining with mouse monoclonal antibodies, sections were incubated for 30 min with mouse IgG blocking reagent from the MOM kit (Vector Laboratories). The following primary antibodies diluted in 50% blocking solution were used at the indicated concentrations: antiRunx1 (rabbit, 1:500) (Ben-Aziz-Aloya et al., 1998), anti-Mitf (mouse, Zymed; ready-to-use solution), anti-b4-integrin (rat, 1:4000; BD Bioscience), anti-b-galactosidase (rabbit, 1:200; Cappel), anti-K5 (rabbit, 1:1000; PRB-160P, Covance), anti-Gata3 (mouse, 1:100; Santa Cruz, HCG3-31), anti-Lef1 (mouse, clone 2D12, 1:200; Upstate Biotechnology), anti-K15 (mouse, 1:1000; kindly provided by Dr. Irene Leigh and Dr. Fiona Watt), AE13 and AE15 [mouse, at 1:30 and 1:40, respectively (Lynch et al., 1986; O'Guin et al., 1992) ] following methanol instead of paraformaldehyde fixation.
Biotinylated anti-rabbit secondary antibodies were applied diluted in 1.5% NGS PBS for 1 h and detected by the avidin-biotin peroxidase technique (ABC, Vectastain, Vector Laboratories, Burlingame, CA), using DAB reagent (soluble tablets, Sigma). Alternatively, the relevant Alexa Fluor 488 goat anti-mouse or 594 donkey anti-rabbit antibodies (molecular probes, 1:1000) were used for detection of primary antibodies. All staining procedures were performed at room temperature. Antibodystained sections were observed and photographed using an Olympus BX51 microscope and a Magnafire SP digital camera. Confocal images were taken on a BioRad MRC-1024 confocal microscope.
X-gal staining
Sections were fixed for 30 s in 0.1% gluteraldehyde in PBS, washed five times in PBS, and incubated in X-gal staining solution at room temperature overnight. All sections were counterstained with Hematoxylin before embedding.
Hair analysis
Hair from two pairs of 30-200 day old control Runx1 F/F or Runx1 F/lz and Runx1 F/F ;K5Cre or Runx1 F/lz ;K5Cre mice, respectively, were plucked from the dorsal part of skin classified and examined under a binocular (Olympus, SZX-ILLB200).
